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§1. BaeneHHe. KaqecTBeHHoe orrHcaHHe acpcpeKTa 

/1/ /2/ 
B pa.6oTax <Peepa , KnapKa H <Peepa 6bmo HaiineHo, qTo pa30-

rpeB aneKTpOHOB rrpoBOllHMOCTH rronyrrpoaonHHKa BH9lliHHM aneKTpHqecKHM rro

neM MOJKeT rrpHB9CTH K yaenHqeHHIO cpenHeii HaMarHHqeHHOCTH sinepHb!X crrH

HOB. TTpHqHHa 8Toro SIBnemrn 3aKn10qaeTCSI B TOM, 'ITO MexaHH3Mbl H xapaK

TepHbie BpeMeHa penaKCaUHH HMrrynbca, 9HeprHH H HaMarHH'!eHHOCTH ITOTOKa 

ropsiqnx aneKTpoHoB, aoo6me roaopsi, pa3nH'IHhI 1 'ITO rrpnaonnT K OTKnoHeHHIO 

CITHHOBhlX cTerreHeii CB05onhl aneKTpOHOB OT paBHOB9CHSI C HX op6HTanbHhlM 

nBHJKeHHeM. B3aHMoneficTBHe TaKoro HepaBHOBecHoro pacrrpeneneHHSI aneKTpo

HOB co CITHH8MH sinep rrpHBOllHT K OTKnoHeHHIO sinepHOH HaMarHH'I9HHOCTH OT 

TepMonHHaMnqecKH paBHOBeCHOro 3H8'!9HHSI. BennqHHa 9Toro OTKnoHeHHSI 38-

BHCHT OT MexaHH3MOB pacceSIHHSI aneKTpOHOB B KpHCTanne H MexaHH3MOB 

penaKcaunn sinepHbIX CITHHOB, 

Ka'!eCTBeHHO 8TOT acpcpeKT MOlKHO o6'bSICHHTb cnenyIOIUHM o6pa30M. 

TTJCTb HMeeTCSI CBSl38HH8SI . CHCTeM~ aneKTpOHHhIX .H sinepHb!X cmrnoa;, B3aHMO

neiiCTBHeM 8THX rroncncTeM C perneTKOH nnsi rrpOCTOThl rrpeHe6peJKeM. TaKaSI 

CHCTeMa BO BHelliHeM MarHHTHOM none xapaKTepn3yeTCSI H9KOTOPhIM cpenHHM 

MOMeHTOM KOnH'!eCTBa llBHJK9HHSI, CKnanhIBB!OIIIHMCSI H3 aneKTPOHHOll H m1epHoii 

COCTaBnSIJOIUHX. E_cnn Terrepb pa3MarHHTHTb aneKTpOHhl rrpOBOllHMOCTH, Ha

rrpnMep HaCbIIUeHH9M rrapaMarHHTHoro pe3OHaHca Ha aneKTpOHHhIX CITHHax, 

T.e. ITOBhICHTb HX CITHHOBYIO TeMrrepaTypy, TO, 5naronapSI 3aKoHy coxpaHeHHSI 

MOMeHTa KOnnqeCTBa llBHJKeHHSI Bceii: cncTeMbI, HaMarHH'!eHHOCTb sinepHbIX 

CITHHOB nonJKHa BO3pacTn, 'ITO MOlKHO HHTeprrpeTHpOBaTb KaK ITOHHlK9HHe CITH-
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HOBOil: TeMrrepaTypbl Sillep. Tipu rronHOM pa3MarHil'IeHIIII aneKTpOHHOil IIOllCHC

TeMbl SillepHaSI IIOllCHCTeMa npuo6peTaeT MOMeHT KOnH'ieCTBa llBH)KeHHSI, no 

eenH'iHHe H HanpaeneHHIO npnMepHo paBHblil MOMeHTY KOnH'ieCTB8 llBH)KeHHSI 

aneKTpOHOB B HCXOllHOM COCTOSIHHH. 3Ta K8pTHHa SillepHoil nonSipH38UHll cooT

eeTCTByeT a¢¢eKTY Oeepxayaepa/3/ B npoBOllsimnx KpHcTannax. Tipellrrono)KHM 

Tenepb, 'iTO Hall!a CHCTeMa B38HMOlleilcTBy:iomnx aneKTpOHOB H Sillep MellneH

HO HarpeTa OT TeMrrepaTypbl T llO_ HeKOTOpoil TeMnepaTypbl Tk • TipH llO

CT8TO'iHO MellneHHOM HarpeBaHHH paBHoeecne Memlly paanH'iHbIMH cTeneHSIMH 

ceo60llbl Hallleil CHCTeMbl coxpaHHTCSI, a cpellHHil MOMeHT KOriH'ieCTBa llBH)Ke

HHSI yMeHblllHTCSI, Ecnn Tenepb yMeHblllllTb CIIHHOBYIO TeMrrepaTypy aneK.TpO-

HOB rrpoBOllllMOCTH, Cllenae ee, HarrpnMep, paeaoil Ts TO B03HHKHeT aepaB-

HoBeCHoe COCTOSIHHe, B KOTOpOM cpellHHil MarHIITHblil MOMeHT aneKTpOHOB 

OK83bIBaeTCSI 6onbllle, qeM B paBHOBeCHOM COCTOSIHHH npu TeMnepaType T k 

TiocKonbKY nonHbiil MOMe~T KonnqecTBa llBH)KeHHSI llOnmeH coxpa.HSITbCSI, TO 

Sill0pHaSI IIOllCHCTeMa llOn)Kfla npHo6peCTH ll06aBO'iHbiil MOM0HT KOnH'iE!CTBa 

llBll)K0HHSI, HarrpaeneHHbiil B CTopoHy, rrpOTIIBOIIOnO)KHYIO ll06aBKe K aneKTpOH-

HOMy MOM0HTY • flpn 3Ha'illTenbHOM OTpbIBe T k OT T B03HHKa:iomee 
f e 

H3MeHeHHe HllepHoil HaMarHnqef!HOCTH MO)K0T 6b!Tb cpaBHHMO C BenII'ilIHOil 

IICXOllHOil HaMarHII'ieHHOCTH aneKTpOHOB. B a¢¢eKTe ¢eepa CTaUIIOHapHoe 

paannqIIe M0)KllY T k H T,. llOCTHraeTCSI HanO)K0HIIeM CIInbHOI'O IIOCTOSIHHO

ro aneKTpH'ieCKoro rronsi. HeTpyllHO mmeTb, 'iTO npn T k > T,, SI1lepHb1e 

CIIHHbl opneHTHpy:ioTCSI B CTOpOHY' rrpoTHBOIIOnO)KHy:io HarrpaeneHIIIO nonsipnaa

UHH e a¢~eKTe Oeepxayaepa. TipII T <T Harrpaenemrn 11om1pnaaUIIII B 060-
k "' 

HX a¢¢eKTax OllHHaKOB_bI •. HepaBeHCTBO T k ·> T 
15 

B03MO)KH0 II pH HamiqHH 

a<p<peKTIIBHbIX MexaHH3MOB pacceSIHIISI aeeMaHOBCKOil 8Heprlrn aneKTpOHOB rrpo

BOllHMOCTH. OllHHM HX TaKHX MexaHH3MOB SIBnSieTCH pacceSIHHe aneKTpOHOB 

Ha MarHHTHbIX rrpnMecsix. flpII ManhIX BpeMeHax penaKcamm cmrna npIIMeceil 

38 C'ieT B38HMOlleilcTBIIH HX C pell!eTKOil CIIHHOBaSI TeMnepaTypa npIIMeceil 

npnMepHO paBHa TeMrrepaType pell!0TKII, Ecnn B3aHMOllei1:cTBHe C MaI'HHTHb!MlI 

rrpuMeCSIMH HBnSieTCSI OCHOBHbIM MexaHII3MOM CIIHH-pellleTO'iHOil penaKcaunu 

HOCHTeneil: TOKa; TO HX CIIIIHOBaSI TeMnepaTypa TaK)Ke OK83bIBaeTCSI paBHOil 

TeMrrepaType pell!eTKII, qTQ llaeT T k > Ts npn HanIIqlIII cnnbHOI'O aneKTpII

'ieCKOro nonsi. Ecnn )Ke BpeMSI penaKcaunn IIpIIM0CHOI'O CIIIIHa BenHKO, TO 
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cnIIHOBaSI TeMrrepaTypa rrpnMeceil MO)KeT OKa3aTbCSI 6onbll!e TeMrrepaTypbl 

pell!eTKII H rrpnMe_PHO paBHOil cnHHOBOil TeMrrepaType aneKTpOHOB npoBOlllIMO

CTII, B TaKoil CHTyauuu B03MO)KHa rronsipuaauHH Sillep aTOMOB llpIIMecII, aHa

nornqHaSI a¢¢eKTY Oeepxayaepa Ha npnMeCHbIX aToMaX, C llpyroil CTOpOHbI, 

llaHHbie no napaMaI'HHTHOMY peaoHaHcy Ha llpIIMeCHbIX CIIHHax B 8THX ycno

BHSIX MO)KHO IICIIOnb30B8Tb llnSI IIpHMOI'O H3MepeHHSI cnIIHOBOil TeMrrepaTypbl 

aneKTpOHOB npoBOllHMOCTH/1/. 

IlpyrnM MexaHH3MOM, rrpnBOllSimnM K HepaBeHc_TBy T k > T,, , MO)KeT 

6b!Tb Heynpyroe pacceSIHHe aneKTpOHOB rrpoBOllHMOCTII 'aa Kone6aHIIHX pell!eT

KII, corrpoBO)Klla:iomeecSI nepeBopOTOM aneKTpOHHOI'O CIIHHa. TaKIIe npouecCbl 

B TB0PllOM Tene o6ycnoeneHbl cnnH-op6u+anbHbIM B3aIIMOlleilCTBIIeM/4/. 

Yrrpyroe pacceSIHIIe aneKTpOHOB npOBOllHMOCTH C rrepeBopoTOM CIIHHa 

MO)KeT, oqeBIIllHO, TOnbKO yBennqneaTb HX CIIHHOBYIO TeMnepaTypy 110 cpaeue

HIIIO C TeMnepaTypoil T k t COOTBeTCTBy10meil xaoTnqecKoMy llBH:IB:eHHIO. 

Ilm1 8TOI'O TIIIIa pacceSIHHH cnellye_T 0)Klill8Tb Bb!llOnHeHHH He paBeHCTBa T k < T,. , 

lfaMepeHne eennqIIHhI SillepHoil rronsipuaaunn B a¢¢eKTe ¢eepa llaeT llO

rronHnTenbHy:io IIHq>OpMaUHIO O MexaHH3M8X pacceSIHHSI ropSI'iHX aneKTpOHOB 

B KpIICTanne. CaMOCTOHTenbHbiil HHTepec npellCTaBnSieT II3y'ieHHe Bpe-

MeH crrnH-pell!eToqHoil penaKcauIIn ropHqnx aneKTpoHoB II epeMeHn penaKcaunn 

SillepHbIX CIIHHOB, o6yc~oeneHHOil B38HMOlleilcTBHeM IIX C ropH'iHMH aneKT-

poHaMn. Bee 8TH eenIIqHHbl B CHnbH?M aneKTpnqecKOM none COllepm:aT 

38BHCHMOCTH OT MeXaHH3MOB penaKcaunn HMnynbca, 8HeprHII H HaMarHnqeH

HOCTH noToKa ropgqnx aneKTpOHOB, H aaBIICIIMOCTb HX OT HaIIpSI)K0fIHOCTII 

aneKTpnqeCKOI'O non~ SIBnHeTCH crreunq>IIqecKoil llnH K8)Kll0ll KOM6IIH8UHH Me

xaHH3MOB pacceHHIISI, 

CnellyeT OTMeTHTb, qTo paannqne T k H Ts ' noMIIMO paCCMOTpeHHbIX 

llBYX MeTOllOB - H8CblmeHIIH cnHHOBOI'O pesoHaHca Ha aneKTpOHax IIpOBOllHMO

CT~ ( a<p¢eKT Oeepxayaepa) H paaorpeBa IIX IIOCTOHHHbIM ·aneKTpH'ieCKHM 

noneM ( a¢¢eKT ¢eepa), - MO:IB:eT 6b!Tb rronyqeHo II llPYI'IIMII nyTSIMII, ITpell

CTaBnHeT IIHTepec paccMoTpeHne HllepHoil nonsipuaauuu B ycnoBHHX pasorpe

ea HOCIITeneil TOKa cnnhHbIM rrepeMeHHbIM aneKTpIIqecKIIM noneM B pe)KUMe 

UIIKnoTpOHHOI'O peaoHaHca/5/. flpu 8TOM cnellyeT O*Hll8Tb OTKnOH0HIISI Tk 

OT T,. • Pasnuqne Me)Klly T,. II T k llOn:IB:HO B03HIIK8Tb T8K)Ke npu aanuqnn 
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npocTpaHCTBeHHbIX Heon~oponHocTeii: B pacnpenenemrn HocnTeneii: ToKa121 • 

B cny'Iae KOHTaKTa Me)KJly JlBYMSI npoBO)lHHKaMH, B KOTOpblX g -cpaKTOPbl 

HOCHTeneii: roKa OTnH'I810TCSI npyr OT npyra no BenH'IHHe'.Il (nnn) 3H8KY, 

MO)KHO nony'IHTb OTKnoHeHHe T,, OT T k aa C'I~T IlH)KeKUHil HOCHTeneii: 

C KOHT8KTOB/2/. 

B o6meM cny'Iae 
0

BCSIKOe OTKnoHeHHe CHCTeMbl BneKTpOHOB rrpoBO)lllMOCTII 

OT TepMOJlilH8MII'IeCKOro paBHOBeCHSI JlOn)KHO IlpOSIBnHTbCSI B 113MeHeHIIIl HaMar

HH'IeHHOCTil CBSl38HHblX. C HHMH sinep. l13y'IeHHe stnepHoii: HaMarHH'IeHHOCTil 

B BTHX ycnoBHstX naeT cBeJleHHSI o xapaKTepe HepaBHOBecHoro pacrrpenene

HHst aneKTpOHOB Il MexaHH3Max iro penaKC8UHH. B H8CTOstII1eii: ,pa6oTe Mbl 

paccMoTpHM acpcpeKT ~eepa B rrpoctj)aHCTBeHHOO)lHOPOJlHb!X rronyrrpOBOJlHHKaX 

(rronyMeTannax) B pa3nH'IHblX )lil811830Hax Hallpst)KeHHOCTil aneKTpH'IeCKOro 

H MarHHTHoro _rroneii:. 

§ 2. faMHnhTOHilaH CilCTeMbl 

M bl paccMaTpHBaeM CHCTeMy aneKTpOHOB II SI)lepHb!X CIIHHOB B CKpe

meHHblX aneKTpH'IecKoM E H MarHHTHOM H nonsix, B3anMo)leii:cTBy101I11IX 

Me)K)ly co6oii: II C perneTKOii:. faMHnhTOHil8H Harneii: CIICTeMbl MO)KHQ 3811IlC8Tb 

B BH)le 

H =H 
e 

+H 
ee 

+H el +Hee +He +H +H 
en n +line • ( 2.1) 

3necb H = H + H - raMIInhTOHHaH CB060)lHb!X ·aneKTpOHOB, rrpencTaBnSIIO-
e k " 

IIlHH co6oii: cyMMy KIIHeTH'IeCKOH II 3eeMaHOBCKOH BHeprHii:, rrpH'IeM 

H =l 
+ c a a H 

e va va va va k 
l c a+ 

V .ya 
a 

va 
H =h n,, l 

" va 

+ aa a 
va va 

( 2.2) 

a+ a - cpepM11-orrepaTOpb! aneKTpOHOB B COCTOSIHHII C Ha6opoM KB8HTO-va va 
Bb!X 'IIICen V a • (a= + 1/2) , BHeprneii: c =£ + ahO , rne 

va v " 
n -3ee-

" 
MaHOBCKast 'I8CTOT8 eneKTpOHOB. Her - raMHnhTOHHaH B381IMO)leii:cTBilst 

e~eKTpOHOB C BHelIIHII~ IIOCTOSIHHb!M eneKTplI'leCKHM rroneM E • 

6 

; ,, 
I 
I 
j 

j 
I 

~· '• 
' 

H =-e Ea l 
el , , 

v a ,va 

a 
X va:va 

+ a a 
vO' va ( 2.3) 

H f - raMHnhTOHII8H CB060)lHbIX paccenBaTeneii: ( cpOHOHOB Il nplIMeceii:). 

H 0 = H +H , H 
L ph ml ph 

+ z 
l h n ,\ b ➔,\b➔ ,\ ' H = - h n l s ;!,\ q q q ml ml 

( 2.4) 

+ 
H h - raMIInhTOHIIaH CB060)lHbIX <pOHOHOBj b➔,\' b ➔,\ - 603e-orrepaTopbl cpOHO-

p • q q 

HOB B COCTOSIHIIH C BOnHOBb!M BeKTOpOM q➔ 1 aHepr~eii: hQq,\ 11 11onsip11sa-

UHeii: ,\ j H ml - 3eeMaHOBCK8st BHeprHSI MarHHTHblX rrpIIMeceii:, Qml - IIX 3ee

M8HOBCK8SI 'I8CTOTa! a S;° - rrpoeKUIIIl 'rrp11Mecttoro CIIIIH8 B y3ne C KOOp)lIIHa-

T8MH Xi ; Hn - 3eeMaHOBCKast BHeprllst sinepHhlX CIIIIHOB 

H ,,,_hQ 
n n 

l I~ 
I I 

( 2.5) 

a 
Ii -rrpoeKUilH sinepttoro crrHH!i j -oro y3na perneTKII, n n - ero 3eeMaH0B-

CKaSI 'I8CTOTa. faMIInhTOH118H B38IlMO)leHCTBilSI eneKTpOHOB C perneTKOii: CKnanw

B8eTcst 113 B3811MO)leii:CTBHSI C cpOHOH8MII (H.PJ I HeMarHIITHhlMil 11p11MeCSI-

Mil ( He! ) II MarHHTHbIMII rrpHMeCSIMil ( ff em!) • 

He (H epltHel +Hem!= l I ueph(va1va)+U.1(va1va)+Ueml(v'a1va)la+, Jl ,(2 6) v a va • 
· vO'',va 

ii,\ - ~,\ + 
U h(v'a'\va)= l!U (v'a'\va)b-.,\+U (va'\ va)b➔ l, 

ep i!A eph q eph q,\ 

➔ 

U 
1 

( v 'a '\ va) = l U q 
e ➔ ei 

q 

(v'a'\va)p .... ;p .... =L exp(iqX. ), 
-q q j I 

U (v'a'\va)=lU 1 (v'\v)S~ Sa .... 
eml ➔ em! aa -q qa 

a .._ a ;->-> 
S ➔ = - S. exp(1qX

1 
), 

q I I 

( 2. 7) 

rne 

a 
s , 
aa 

- MaTpil'IHbJe eneMeHTbl OJlHOBneKTpOHHOro orrepaTOp8. CIIIIHa. nanee: 
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..... 1:x➔ ➔ ➔➔ 
· U q ,\ ( 11 ' + 1 v + ) = C. , ( 11 'I e I 11) , U qi (11 '+ I 11+ ) = G ➔ ( 11 'I e lqX I 11 ) , 

eph Q"- e q 
( 2.8) 

➔ . ➔➔ q lqX 
U ( 11 'I 11 ) = J ➔ ( 11 ' I e I v ) , 

eml q 

➔ • ➔ 

q,\ a a q 
U (v+I 11-)=C' ➔ ,K ➔(11'111),U 

eph ~"- ·q el 

a a 
(II'+ I II-) = G ~ K ➔ ( II 'I II ) • 

q q 
( 2.9) 

➔➔ 

a a e a fqX 
K _. ( 11 'I 11) =( 11 'I ( p - -A ) e + e 

q . C 

➔ 

l~X (pa -~Aa)lv). 
C 

3necb 3H8Kll :t. 03H8"I8IDT, "ITO. ~. a , = :!: 1 · p a . - KOMilOH9HTbl onHosneKTpOH-

a . ~ 
. Horo llMnynbca, A - BeKTOp-noTeHUHan IlOCTOSIIIHOro MarHHTHOro rronsi H • 
B usnaraeMofi Teopnll (jmrypllpyroT KBanpaTbI Monynefi MaTp111rnb1X sneMenToB ( 2.8) 

ll ( 2,9), rne Benll"IllHbI I 
~ 9 2 

c .._ I~ I G ➔I: I J ➔I 
q/1. q q 

't 
nponopUllOHanbllbl q 1 Ilpll-

"I9M l = l nnsi: roMeorronsipHbIX ll l = - l nnsi: Ilb030SneKTpll"I0CKllX aKyCTll

"I0CKllX qJOHOIIOB, t = -2 nnsi: OllTll"IeCKllX qJOHOHOB, t = -4 nnsi: llOHll3ll

pOB8HHhlX ll l = O'nnsi MarHllTHhlX npnMecefi. 

B npeHe6!)9)K9Hllll yrnOBb!Mll 38BllCllMOCTHMll M8Tpll"IHbIX sneMeHTOB. 

nonytraeM 

IUeph,el 
2 

(v'+lv->I 
a r t' 

"' I I K ( II 'I II ) I q 
a· q. 

( 2. 10) 

3necb r = 2 B KpllCTannax, rne SKCTpeMyM SHeprllll HOCHTenefi TOKa H8XOllllT

CSI B ueHTpe llnll Ha rpaHH 30Hbl EpHnnrosHa, lI r = 0 B. npoTllBHOM cny"Iae; 

3 nnsi: aKyCTll"I9CKllX qJOHOHOB B KpllCTannax C ueHTpOM llHBepCllll 

ll t' = 1, ecnll ueHTpa llHBepCllll HeT; t' = 6 nnsi: OllTll"I9CKllX qJOHOHOB, 

t, = 2 nnsi HeMarHllTHbIX np
0

llMeceft:/ 4, 6/. M bl 6yneM paccMaTpllB8Tb snecb 

TOnbKO KnacCll"I0CKYID o6naCTb ll3MeHeHllH HallpSl)K0HHOCTll MarHHTHoro nonsi. 

ITpll STOM 

I I Ka (p+hq\p)\
2
=(2p+hq )

2
• 

a q , 

HBHbie Bbip8iK0HllSI ll oueHKll KOHCTaHT, BXOllS!lllllX B MaTpll"IHbJe sneMeHTbl 

CilllH-perueTO"IHb!X B38llMoneficTBllll ( 2,9)' MO)KHO H8llTll B pa6oTaxl4, 6/. 

Hee - ra~rnnbTOHll8H Me)l<aneKTpOHHOro B38llMOneficTBllH, H en - raMHni.To-

8 

l 
j 
, 

1 

J 

,-.! 

j • 

Hll8H B38llMOnefiCTBllH sneKTpOHOB C si:nepHb!Mll CilllH8Mll, Mb! 6yneM C"Ill

T8Tb, "ITO STD. B38HMonefiCTBHe HBnHeTCSI KOHT8KTHbIM. .HBHOe Bblp8)K9Hlle 

nmr sToro onepaTopa naeTcsi: qiopMynofi n.r.isi: H emf , ecnn B Hefi nHneKc mi 

38M9HllTb llHneKCOM n • II nf - raMHnb'fOHll8H B38HMonefiCTBllH si:nepHbIX 

CilllHOB C perueTKOfi. Mb! He 6yneM Bb!IlllCbIB8Tb ero HBHOro Bb!p8)K9HHH, 

C"IllTaH, "ITO COOTBeTCTByromne BpeMeHa si:nepHofi CilllH-perueTO"IHOll penaKCa

Ullll ll3B9CTHbl, 

§3, ITocipoeHne HepaBHoBecHoro cTaTncTn"IecKoro onepaTopa 

ITycTb paccMaTpllB8eMaH CllCTeMa npocTpaHCTBeHHO onHoponHa. Mb! 6y-

• neM npllM0HHTb COKpameHHOe OilllC8Hl!e HepaBHOBeCHOll CllCTeMbI, npennonarasi:, 

"ITO COCTOHHlle ee OilllCbiBaeTCH cpenHHMll 3H8"I9HllHMll H9KOTOpbIX onepaTo

poB pm 111. B nepBOfi "I8CTll pa60Tbl Mb! paCCMOTpllM npocTefiwllfi cny"Iafi, 

Korna HepaBHOB0CHoe COCTOSIHlle sneKTpOHHOll noncHCT9Mbl MO)KHO OilllC8Tb 

.sanaHHeM cpenHHX saa"IeHHfi SHeprnn, HMnynbca, HaMarHH"I9HHOCTll ll "Il!Cna 

"I8CTllU (qiaKTll"I9CKll STD npennonO)K0Hlle 03H8"I~eT, "ITO "I8CTOT8 M0)KSneKT-

pOHHbIX CTOnKHOB0Hllll W ee MHoro 6onhrue Bcex xapaKTepHbIX "IBCTOT pac-

cesi:HHH sneKTpoHoB Ha perneTKe), a HepaBHOBecHoe pacnpeneneHHe sinepHofi 

HaMarHll"I0HHOCTll MO)KHO OllllC8Tb C IlOMOlllbID CllllHOBOll TeMnepaTypbI, IlnH 

IlOCTpOeHllSl HepaBHOBeCHoro CT8TllCTll"I9CKoro onepaTopa CllCT9Mbl Bocnonb

syeMCSI MeTonoM 3y6apeBa/8/' KOTOpblll Kp8TKO cqiopMynHpyeM B cnenyromeM 

Bnne. BBeneM · Ha6op HeonepaTopHbIX qiyHKUllfi BpeMeHII Fm (t) TaK, "IT06b1 

cyMMa ~ p mF m ( t ) 6bma 6espa3MepHbIM CK8nSipOM. Bbrpa)KeHirn Bll.08 
m 

~ 0 ,. 

p = exp I - S ( t , 0 ) I = exp I - S ( t , 0) + f d t 'e n S ( t + t ', t ') I , (3. 1) 

rne BenH"IllHa S{t,O) npencTaBnHeT co6ofi onepaTop sHTpo1mn, 

S(t,O)=<l>+IP F (t), <I>= fnSpexp I- IP F (t)!, 
m m m m m m 

( 3.2) 

. 
a S(t,O) - onepaTop nponsBo.ncTBa SHTponn:H, 
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-t . • t • 
s ( t, o) = as (t, o) 

at +(ih) [S(t,O)H]=IIPmFm(t)+(P -<P > )F(t)l, m . m me m 

-1 • , aFm(t) t -S(t.(?) 
P =(ih) [P H], F (t)= a ,< ... > =Sp( •.. p

0
),p

0
=e 

m m m t f LL 

It 'H 

• , h - • 
S(t,t )=e S(t,O)e 

It 'H 

h 

(3,3) 

srnm1eTCS1 llHTerpanoM ypl1BHeHllS1 nynBnnnst npn ( ➔ 0 ' COOTBeTCTBY!c!T no- -

no~nTenbHOMY nponGBOilCTBY, SHTponnn B cncTeMe/8/, n, KaK nerKo npoBe-

pnTb1 aopMnpoBaH Ha ennanuy npn ycnoBnn 

t 
< p > 

m 

t 

t 

=<Pm>f 
( 3,4) 

rne < ... > = Sp ( ..• p ) p 38BHCHT OT BpeMeHH 11epe3 M8KpOCKOIUl'leCKHe napa-

MeTpb! };:n ( t) nnn 11epe3 TepMOAHHaMH'leCKll conpsi~eHHbre. C HHMH BenH'lllHbl 

t 
<Pm>, npn11eM 9TH ABa Ha6opa napaMeTpOB CBSl38Hbl KB83HpaBHOBeCHbIMH Tep-

MOAHHaMH'leCKHMH COOTHOWeHHSIMH 

t 
<P > 

m 
alP F (t)= 

aF ( t) m 
m 

as 
t 

a<P > m 

( 3,5) 

t 
rne S = <S (t, 0 )> . Pacnpeneneane ( 3, 1) COOTBeTCTByeT MaKCHMYMY HHCpopMa-

UllOHHOll SHTponHH - Sp ( p f..n p) npn ycnoBHH coxpaHeHHSI HOpMHpOB!rn Sp p = I 

n IlOCTOSIHCTBe cpenHHX < p > t+t 
m 

Ha nHTepBane -oo _:s t ':S_ 0 /9/, C no-

MOmbIO pacnpeneneHllSI ( 3. 1) nerKO nony'lHTb ypaBHeHHSI, OilHCb!BBIOUille SBO
t 

n10un10 Benn11nH <P,? nnn Fm (t) BO BpeMeHn: 

2 
a s . t • 

I t t<Pn>=Fm(t), 
n a<P m> a<Pn> 

2 

a IP · · t 
-I-----F (t)=<P > 

n aFm(t)aFn (t) n m 
( 3,6) 

KOTOpbre c0Brrana10T Me~ny co6oii: B·,cnny BbmonaeHnsi cooTHoweanii: opToro

aanhHOCTH 

10 

~, 

I 
; 

j 

,11 

.! 

2 
a IP 

I, 
m 

2 

a s. _ _ 
8 t t - mn aF (t)aF ,(t) a<P ,> a<P > , 

m m m n 
( 3, 7) 

Bh1TeKa10mnx ll3 paBeHCTB ( 3,5). Bb16epeM B KaqecTBe onepaTopoB Pm 

Benn'lllHbl 

H +H , H , H +ff , Ho +H O + II 
0 k ee s n en l. el. nt. 

➔ ·:. 

,N 'p ,- ( 3.8) 

➔ 

rne N = I a+ a - onepaTop 11ncna sneKTpoHoB, a P= I p.,, a~ ,a 
Va Va va va':va Va ,Va II a va 

onepaTop nx nonHorb nMnynbca. CooTBeTcTByromnA Ha6op ¢yeKunA 

38IlllIIIeM B Bnne 

2 

f3 k ( t ) ' f3 ( t) f3 ( I ) ' f3 ' µ , = µ ( t ) - m V ( t) ' V ( t ) . 
s n 2 ( 3,9) 

3necb {Jk ( t) ' f3 a (I)' /3 }t) n f3 eCTb o6paTHbJe 3Ha'leHnSI scpcpeKTHBHOii: KllHe

Tll'leCKOii: n CilllHOBOii: TeMnepaTyp sneKTPOHOB, CilHHOBOii: TeMnepaTypbl sinep 

n o6paTHOii. paBHOBecHoii TeMnepaTypb! pell!eTKn COOTBeTCTBeHHo; µ (t) n V(t) 

ecTb 3Ha'!eHnSI XllMll'lecKoro IlOTeHunana ll MaCCOBOii: CKOpOCTn sneKTpoH

HOI"O IlOTOKa. Y,paBHeHllS! ilBH~eHnSI onepaTopoB pm llMeIOT Bllil 

• · eEaPa · 
Hk + H ee = m + Hk(6 +Hk(n)' 

iI =" " +iI , s a(L) a( n) 

II 
n 

. . . . . 
+ II = - H +II O , fl =H +H , en e(n) n(L) e(n) k(n) a(n) 

( 3. 10) . . . 
Hf +II ef +H nf 

. . . . . 
H -H , H o. =H O +II o.. , e(6 n(f) e(u k(L) a(u 

'a a 1 f3 y -a •a 
N=O,P =eNE +--c{JP 11 +P +P 

me a Y (6 (n) 
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·• a -1 a 
nech IlpHHSITbl cneny10mne COKpameHHbie 06D3H8'leHHSI! P,e, =( i h) [ p ff ee ] 1 

• -1 

e n s en 

I

H c >=(ih) [H H ] H T.n. Ilnst onepaTopa 3HTponnn nonyqaeM 

aaoe Bbtpameane 

S(t,O)=cl> +fJk(He+Hee _ya Pa-µ 'N)+fJ_. H .. +fJn (Hn+Hj+f3(He+Hee+Hnf~3.ll) 

ITpn nocTpoeHHH onepaTopa npoH3BDACTBa 9HTponnn S(t,O) HCKnIO'IHM ape

lMeHHhte npOH3BDAHhte F (t) c n0Momh10 ypaaaeanfi nan)keHHSI ( 3.6) , KDTD-
1 m 

pbte MO)KHO 3anncaTb B BHne: 

t • 

-(H~-µN;H~ -µN) fJk+(H{-µN;P' 
t • /3 t • , t • ; 

) fJk V -(H, -µN; H ) /3 + (H k -µN;N) /3k µ= 
, k a .s 

• • t 

=<Hk-VP>' 

· a t • a f3 t •/3 a t • · a t ·a t 
-(P' ;H~ -µN) f3 k +(P' ;P' ) /3k V -(P' ;II_.) f3 .. +(P' ;N) /3, µ =<P >, 

t- fJt ·{3 t- t • t 
-(H ;Hk' -µN) fJk +(H ;P' ) fJk V -(H ;H ) f3 +(H ;N) fJkµ ~H >, 

.5 .5 3 .5 3 .5 .5 (3.12) 

,_, t • f3 t • f3 t • t 

-(N;H~ -µN) fJk +(N;P' ) fJk V -(N;H .. ) fJ .. +(N;N) fJk µ =0, 

t • • • t 

-( Hn +Hen; Hn +Hen) fJn = < Hn +Hen > 

...... mV
2 

a a a 
rne H' = H +H -VP+ -- N , P' =P -mN V a CK06KH BHna (. •• ; .• J 

k k ee 2 
03Ha'laIOT KBaHTOBbie KOppenSIUHOHHbJe cpyHKUHH 

( p ; p { 
m n 

J -TS(t 0 0) 

J d r Sp IP e 
0 m 

t 
( p -< p > 

n n f 

PerneHHSI CllCTeMbl ( 3.12) HMeIOT BH.Cl: 

12 

{T-1) S(t.O) 
)e l. ( 3.13) 

,. 

~ 
I 

.,, 

• 

Cks /3k/3s • • • t 
/3k =-<II k -VP> 

2 
C,.,.{3k • t 

--------- + <H > 
C C -C C 

kk ss kl! ek C kk C ee - C ke C sk 

• 
• t 

/3 = - <II > 
C R 2 • • t C R R 

kkt-'s + <H -VP> skt-'k.1-',. 
,. ,. 

C kk C ,.,. -Ck,.c sk 
k C 

kk C -C C 
se ks ek 

• /3k (N; H~ - µ N) t 
µ =-----

/3k (N;N)t 

a I · a t 
V = ---<P > , 

mn
0 

t 
f3 (N;H ) 

+ _,. ,. 

f3k (N;N) t 

/32 
n 

/3 
t 

=-<H +H > ---. n en C 
nn 

rAe 

2 t t t 
ckk =/Jk I (H'k -µN: H\ -µN > -(H~ -µN:N > (N :H'~ -µN) 

~:N)t 

t 
C =/3 2 l(H·;H) 

.se s e e 

( 
t t 

H .. ; N) (N ;H .. ) 

(N;N)t 
I • 

t 
C =/3 {3 l(H ;H'-µN)-

ek e k e k 

t t 
(H_.:N) (N:H~ -µN) 

(N;N)t 

t 

ck .. = f3k/3,. IOI~ -µN:H,.> 
(H 1t _ µ N ; N ) t (N; H J _,,_ _________ l = C , 

( N; N ) t sk 

C = f3 2 
(H +H ; H 

nn n n en n 

t 2 t 
+Hen)= {3n {Hn ;H n ). 

13 
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a n 0 - KOHUeHTpau1rn aneKTpOHOB IIpOBOAIIMOCTII. C Y'I~TOM Bbipa)l<eHllll 

( 3.14)' a T8K)Ke ypaBHeHIIll ABII)KeHIISI ( 3, 10) nonyqaeM onepaTop npoll3BOA

CTBa 8HTpOnHH B BHne 

S ( t • O) == L'J. I ( {3 k -{3 ) H k(f) + ( {3 k -{3 n ) H k(h) + ( {3 e -{3 ) H e(f) + 

• a • a •a 
+({3e -f3n)H,.(n)+(f3n -{3)Hn(f) -{3k V (P(f) +P(n) )+ 

N(N;H~ -1LN) t . . . t ckef3e f3k 
+ (H' - /LN - --------) {<II e(f) +H,.(n) > ------2 

k (N;N)t ckkcee-Cke 

a•a a•at 
-<H +H - V P - V P > 

~6. ~~ c6 c~ 

2 

Ce,/h I + 

ckkc,.,. - C!e 

t 

+(H 
N(N; H,. ) ) I di +H .:. y'-pa -Va p a ~ c,,k f3 "f3 k 

k(6 k(n) (f> (n) 2 " (N ;N)t 

• • t 
-< II +H > 

a(£} s(n) 

2 
Ckk f3" l

e c - c 2 

kk se ks 

2 
{3 n • • t 

-(H + II ) -- <- H < ,+H O > -n en C e n n(L) 
nn 

C C -C 
kk "" ke 

~(Pa -mNVa )<Pa +•Pa J I, 
m Do cb (n) 

t 
rne ti.A =A - <A >c 0TMeTHM, 'ITO nepBbie Il]eCTh 'lneHOB 9Toro Bbip8)KeHIHI -

nepBoro nopsinKa ManocTII no B3anMone:i1:cTBHID noncncTeM, B To BpeMSI KaK 

OCTanbHbJe 'lneHbl - ITO MeHbillefi Mepe BToporo rropsinKa ManOCTH. C<InTaSI 

Bee BaanMoneilcTBHSI M8JibIMH, paano)KHM cTaTHCTH'lecKnil orrepaTop exp I-S(1,0)I 

no llX CTeneHSIM: 

-S(t,0) 0 

P = e + I 
ft' 1 -rs (t,O) 

dt' e j dre 
O 

L'l. [(/3k(t+t')-/3)He(f) (t') + ({3k (t+t')-

-f3k ( t+ I')) H e(n) (t ') + ( {3,,_ (t+t ')- {3k (t+ t '))(H e(6(t ')+H e(n~t '))+({3 n (t+t ')-

14 

I 

.. 

a • a ·• cr-t)S 0 (t,O) 
-{3) II<" (t ')-{3k (t+t')V (t+t')(P (t')+P (1'))] e 

11 L) (f) (n) 

I -rso(t,O) , (T-l)So(t,_O) 

-/ dre L'l.[f3k(t)Hee+f3n(t)Hen +f3(Hef+Hnf)]e + ... 
( 3, 17) 

B paano)KeHnn ( 3.17) ynep)K8HbI nHillh <IneHbI nepBoro rropsinKa no BaanMoneil

CTBHro, onpenensiroume ypaBHeHHSI 9BOnIOUllll B 6opHoBCKOM npn6nH)KeHirn, So(t,0)

onepaTop 9HTponnn HeB38HMoneilCTBYIDIIIHX rroncncTeM 

S 0 (1,0),,,<1>0 +f3k(Ho _yapa_/L'N)+(f3 -/3 )II +/3 H +f3Ho 
L .s k .s nn L 

<I> == En Sp exp I - f3 - ( He 
0 k 

- VP - fL ' N ) - ( f3 - f3 ) H - f3 H - f3 II e I. 
.s k .s n n 

§4. 0611]8SI CllCTeMa ypaBJieHl!Ii acpcpeKT8 <Peepa B rrpu6nl!)l(8HIIII 

acpcpeKTIIBHbIX rrapaMeTpOB 

( 3, 18) 

B HaCTOSIIIIefi pa6oTe Mb! paCCMOTpIIM TOnbKO CT8UIIOH8pHhlll rrpouecc; 

COOTBeTCTBeHHO 6yneM C'IHT8Th, 'ITO Bee cpyHKUllll Fm ( t) He 38BIIC5IT OT 

BpeMeHH, CnenyeT rronqepKHyTh, 'ITO C'll!T8Tb rrpouecc CT8UIIOH8pHbIM no Bbl

'IIICneHHSI orrepaTopa S (t,m HeJib3SI 1 IIOCKOnhKY cpenH OIIepaTOpOB pm eCTh 

T8Klle, KOTOpbie He KOMMYTHpyIDT C raMHnhTOHll8HOM II +II O +II HeB38llMO-
e L n 

neilcTByromnx rroncIIcTeM. flocne ncKnro'leHHSI BpeMeHHhIX rrponaBOAHbIX F. ( t) 
l1} 

B Bbip8)KeHllll s ( I • 0) cyMMa 'ln8HOB, o6ycnoBneHHblX T8KOll HeKOMMYT8TIIBHOCTbIO, 

o6paIIIaeTCSI B Hynh. l1CKOMbJe CT8UHOH8pHbJe ypaBHeHH5I 9Bomomrn HafineM, 

ycpenHSISI onepaTopHbJe ypaBHeHH5I ABll)l(eHUSI ( 3, 10) ITO pacrrpeneneHHID ( 3.17). 

YpaBHeHne 6anauca · aHeprnn aneKTpoHoB: 

a a O ft • • 

en0 EV =.1,dte (Hee£> ;(/3k-/3)H
0
c£>(1l+({3,.-f\)H,.cr,(t)- (4,1) 

• 
0 

ft • • • a" a 
-~ ya P(f) (t))+ J dte (He(n);(/3k-/3n)He(n,(t)+(/3

3
-{:\)Hs(n,(t)-/3kV ~n)(t))dl. 

-00 
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YpaBHeHIIe 6anaaca IIMrrynhca aneKTpoHoB: 

a 1 /3 Y O 
ft ·a · · 

en0 (E +-£/3 V H) +Jdte (P 0 ;)({3 -f3)H 0 (t)+(f3-f3 )H .{t)-C a y . '""" (L) k e(t) s k s(t) 

f3 • f3 o £ t .a 
-/3 V P 0_ (t))+ f dte (P 

k (u (n) 

(4.2) 

;(f3 -/3 >u · (t)+<f3 -/3 >u <i>-/3 /r/3 <i>>=<1. k n e(n) s k s(n) k (n) 
-00 

YpaBHeHIIe 6anaaca 3eeMaH0BcKofi aaeprIIII (rrpononbHOH HaMarHIIqeHHOCTII) 

aneKTpOHOB: 

0 ft 

f dte (H o ; ({3 k -/3 )H o (t)+(f3 -{3 )H o ( t)-{3 yn p ~ (t)) + 
o(t) e(t) e k s(t) k (t) (4,3) 

0 £t 

+ f dte 
--00 

(H 
e(n) 

; ( f3 
k 

-/3 )II ( t)+(f3 -/3 
n e(n) s k 

)H (t)-{3 V ap a (t))=O. 
s(n) k (n) 

YpaBHeHIIe 6anaHca 3eeMaHOBCKOll 8Hepr1Ill (rrpononbHOll HaMaranqeHHOCTII) 

SinepHblX CilllHOB: 

0 ft • • 

- f d1 e ( II ( > ; ( f3k -{3 ) H C )( t ) + ( f3 -{3 ) H ( 
e n n e n a k .s n) 

( 1)-

a 
- f3k V 

. a O 
£ t 

P (I)) + f d1 e 
(n) 

(H 
n(f) 

; H 
O 

( t) )( f3 -{3 ) = O • 
n(t) n 

-00 

( 4.4) 

CncTeMa ypaBHeHllll ( 4.1 )-( 4.4) orrpenemieT BBeneHHbie H8Mll qiyHKUIIll Fm . 

B o6meM cnyqae nnSI pe!lleHIISI 8TOll CIICTeMbl Heo6xonlIMO BbI'mCnlITb Bee KOppe

nSIUllOHHbJe qiyHKllllll, conep)KaumecSI B Hett, B 6opHOBCKOM rrpn6nll)KeHIIll rro 

B38llMonefiCTBIISIM 8TH KoppenSIUllPHHbJe qiyHKUIIII BbJqlicnmoTCSI aneMeHTapHO, 

HH)Ke Mb!_ rrpliaeneM o6nme Bbipa)KeHllSI nnSI KoppenSIUIIOHHb!X qiyHKUllll anna 

0 

Le = f d1 e £ t (A ; B (t)) B 6opHOBCKOM rrp1I6nll)KeHHII nnSI acex paccMaTpliaae-
_, (£) (e) 

Mb!X MexaHII3MOB B381IMoneil:cTBIIH, C'IIIT851 onaoaneKTPOHHbJe onepaTopbl A II 8 

llliaroHanbHblMII B He - rrpencTaBneHIIII, 

16 .. 

.\ 
J' 
-~ 
.I 

'! 
! 
l 

I 
t 
{ 
lf ~ 

I' 
i 
I 

. I 

I 
.I 
!,i 

j 

A. B3aIIMonefiCTBIIe C qlOHOHaMII 

0 

Lph =f dte ft 
-oo 

• · 2rr 
(A< h) ;8 < h\t)) =- 2 (A , ,-A )(8 , ,-8 )x 

p p h va',va;ii,\ Va va Va va 

ii,\ 2 

xlU (va'lva)I E (va'\va)N r· (1-f ,,)8(£,,-f - hO ),(4,5) 
eph q,\ va v a v a va q,\ 

E (va'\va) = _:_..:_--:.!_, y =(f3-f3k)(~'a' -£ va)+.({3
0 

-f3k)h0,.(a-a ')+f3k hqt 
y 

E, B 3 a II Mo P- e fi c TB II e C HeMarHIITHb!Mll rrpnMeCSIMll 

0 f.t 

L 1 = f dte (A(I) ;B(')(t))=:'.:.. 2 ...(A , ,-A )(8', ,-8 )x 
I h va',va;_q Va va Va VO -oo 

➔ 

Q 2 xi u 
1 

(va'\va )I E (va1va)N 1 ,r 
e = (1-f 

vO-' 

B. 8 3 a II MO A ell CT B ll e C Mar H II TH bl M II 

O ft 

L = f die 
mi -oo 

• TT 2 (A · 8 ( 1)) = - , , ➔ o 
(mil' (mi) 4h v a ,va; qt 

➔ 

)8(£ 
vO' 

-f ). 

va 

rrpIIMeCSIMll 

(A , ,-A )(8 , ,-8 )x 
v a va va va 

X I u Q I ( V, IV ) I 
2 

E (v a 1 va) le 2 8 , + [ I (I+ 1 )- e 2 
- e (a '-a)]( a'.....a ) 2 I X 

em aa 

x N f 0-f, ,)8(£ , ,-£ 
• va va va va 

-(a'-a)hO mi). 

(4,6) 

(4.7) 

r. 8 3 a II MO A ell CT B II e C SI A e pH bl M ll CIT II Ha M II, CoOTBeTCTBy10maSI 

KOppenHUIIOHHaH qlyHKuirn COBna1:weT C Bb!palKeHIIeM ( 4, 7) I ecnlI B HeM 38M9Hl!Tb 

MaTpliqHbJe aneMeHTbl aneKTPOHHO-IlplIM9CHOro B3alIMOAeil:cTBIISI Ha M8Tp1I'IHbJe 

aneMeHTbl B38llMonefiCTBIISI C HnepHb!Mll CITIIH8Mll II O ml 38MeHIITb Ha On . 

,1, (4 5) ( ) + 8 o< 0 .o>' 1 B't'opMynax • -4,7 f =8p(a a c )=[exp(x)+l]: 
➔➔ v~ vava 

x = f3 (£ - VP + mV ) + f3 ah O -{3 11 - aepaBHoBecHaH qiyHKUl!H pacrrpe-
k V v 2 o a k 
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AeneHH.II sneKTp0H0B, 
+ - s0 (0,0) -1 

N ,=Sp(b, b, e )=[exp((3h0 ,)-1] 
qi\. QI\ QI\ QI\ 

- cpyHK-

UH.II pacnpeAeneHH.II qJOHOHOB, N I - K0HUeHTpaUHH HeMarHHTHbIX npnMeceii, 

I 

N = exp ( e /3 h n I ) X [ l exp ( e /3 h n I ) ] - 3aceneHH0CTH 3eeMaH0BCKHX 
ml m &-I m 

IIOAYPOBHeii MarHHTHbIX npnMeceii co CIIHHOM I 

§5. YpaBHeHHe 6anaaca .IIAepHoii HaMarHH'IeHH0CTH. 

O6mee Bbipa)l(eHHe l:W.II rronHpH3aUHH .IIAep B BbJC0K0TeMrrepaTypH0M 

npn6nlOKeHHH 

Mbl 6yAeM pacCM8TpHB8Tb o6naCTb He cnmIIKOM HH3KHX TeMnepaTyp, 

B KOTopoii {3 hf! < 1 , /3 hf! <l ( BbICOKOTeMrrepaTypnoe npn6nH)KeHHe). 
n n n · 

- S (0 0) 
B CB.II3lI C 9THM orrepaTop e O ' MO)l(HQ pa3nO)l(lITb II0 CTerreH.IIM Bb!pa-

)!{eHll.lI (3n h f!n lI orpaHH'Il!TbC.II rrepBbIM 'IneHOM 9Toro paano)l(eHHSI, Tor

AB ypaBHeHHe ( 4.4) MO)KeT 6b!Tb pa3peweHo OTHOCHTenbHO (3n B o6meM 

BHAe. BBeAeM rrpeAB8pHTenbHO Bblpa)KeHHH: 

0 
-t 1 n 

T = fdte (Hc,;Hc,(t)), 
ne (H ;H )-oo en en 

n n 
(5. 1) 

-1 0 ft 
T = 1 f dte (Hn(£) ; Hn(6 ( t)), 

n£ (H ; H )-oo 
(5.2) 

n n 

rrpencTaBnmomne co6oii o6paTHbie BpeMeaa penaKca11nn rrpoAonbHoii aaMarnn

'IeHHOCTH .IIAep Ha sneKTpOH8X IIpOBOAHMOCTlI H peweTKe COOTBeTCTBeHHO, 

Bb1pa)KeHHe ( 5,2) H~ COAep)KlIT aaBHClIMOCTlI OT BHeIIIHlIX rroneii, lI Mb! 6yAeM 

C'IlITaTb ero lI3BeCTHbIMj BenH'IHHa T n r Bbl'IHCnHnacb B p.lIAe pa6oT IIO .IIAep

HOii MarHHTHOH penaKca11m1/ 10/. <PyHKUlI.II ( H ; H ) B BbICOKOTeMrrepaTypH0M 
n n 

rrpn6nH)l(eHHH paBaa: 

1 2 
(Hn;Hn ),;' 3( hOn) I(l+l), 

( 5.3) 
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l13 Bblp8)KeHH.II ( 4. 7). An.II KoppemIUlIOHHOii cpyHKUHH -L n cneAyeT, 'ITO 

ABe Apyrne KoppenHUlI0HHbJe cpyHKlllllI B ypaBHeHHlI (4.4) B 6opHOBCKOM rrpn-

6nH)KeHHlI rrporropunonanbHbI Apyr Apyry: 

0 

hO,. f d t e 
ft ' • O ft 

(H ecni: Hecn>(t )) =hOn f dte (H ;H (t}). ( 5,4) 
--00 e (n) '5(n) 

Terrepb lI3 ypaBHeHH.II (4.4) rronyqaeM OTHOllieHHe .IIAepHoii HaMarHH'IeHH0CTlI 

B aepaBHOBeCH0ii CHCTeMe K ee TepM0AHH8MH'IeCKlI paBHOBeCH0MY :;iHa'IeHH!O 

B BHAe ( TJ =' 1- /3,. / /3 k) 

0 Et • • a 

/3 /3 n Va f <ltc (II < > ; P < > (t )) T O T ( 
k 5 -oo e n e n nt. ne 5 5) 

!"=_.:'=-[l-71 -J-:c-----------]----+---- • 
/3 /3 Q 

O 
ft ( )) T +T T + T 

n J <lt C (II ; II I ne n£ ne n£ 
e(n) e(n) 

n,. mV 2 

OTHOIIIeHHe KoppenHTOp0B B KBaApaTHOH CK06Ke cpopMynbI ( 5,5) ,_,_ IT" -f - ' 
n 

xi 
rAe f - cpeAH.II.II 9HeprHH TerrnoBoro hBH)KeHH.II sneKTpOH0B I lI BKnaA 

ero B HAepHyIO rronHpH3aUH!O Man ITO cpaBHeHH!O co BTOpb!M qneHOM 9TOH )Ke 

cKo6Kn, ecnn rrpoueccb1 crmn-peweTo'IHOii penaKca11nn sneKTpoHoB rrpoBoAH

MOCTH o6ycnoBneHbl aeyrrpyrHM pacceHHHeM, TTplI II0'ITH yrrpyroM pacce.lIHHH 

sneKTpOHOB ( HeMarHHTHbJe IIpHMecn, AnHHHOBOnHOBb!e aKyCTH'IeCKHe !pOHOHbi) 

BKnaA o6onx 9THX qneHOB MO)KeT 6b!Tb BenH'IlIHbl OAHOro IIOPHAK8, B 9TOM 

cny'Iae, OAHaKo, Beeb scpcpeKT oKaabrnaeTcH ManbrM, ct>opMyna ( 5,5) B o6mnx 

qepTax HaIIOMHHaeT Bbipa)l(eHHe An.II .IIAepHOii rronHpH3aUHH B 9cpcpeKTe OBep

xay3epa/3 , lO/ lI AaeT B03M0)KH0CTb CAenaTb P.IIA Ka'IeCTBeHHbIX BblBOAOB 

0 IIOBeAeHHlI .IIAepnoii IIOn.1IplI38UlilI B scpcpeKTe ct>eepa: 

x/ /11, 12/ 
3To 0TH0Wemie apyrl!M MeT0/l0M Bbl'IHCneH0 B pa6oTax II paB-

HO 

Q • l 2 f(O) - - t 
- -(-/3k mV _ ), f(O)=[ exp(-/3k µ )+l] . 

Qn 3 fo(f3k/L) 
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1. TTpn npoqnx paBHbIX ycnoBnsix nonsipn3aunsi sinep TeM 6onb11ie, 'leM 

onhlll0 OTHOIIl0Hlle T nf / T ne BpeMeH penaKcaunn sinepHbIX CITIIHOB, Cne.ayeT 

TM0TIITb, 'ITO nnsi H0BblpO)K,[{0HHblX aneKTPOHOB npoBO,[{IIMOCTII B CIInbHb!X 

neKTplI'l0CKlIX nonsix 8TO OTHOIII0Hlle MO)K0T 6b!Tb ropa3,[{0 6onbllle, qeM 

I}_ paBHOB0CHOM cnyqae, nocKonbKY, K8K nerKO IlOK838Tb • T ne y6bIBaeT 

~ pOCTOM aneKTplI'l0CKOI'O nonsi. HecnO)KHhle Bhl'lllcneHHSI KOppenSIUllOHHOA 

~yHKUlllI (5,1) nnsi cnyqag KOHTaKTHOI'O B3aHMoneACTBlISI aneKTpOHOB ll sinep 

~ yMepeHHO CHnbHblX ( H0KB8HTy1011rnx) MaI'HlITHbIX nonsix na10T cne.ay10my10 

I 
CBSl3b BpeMeH penaKC8UlII! l ne lI .'r ne l0) , ·COOTBeTCTBYIDIUYID cny'la!O 

IE=O / 13/: 

rne 

TlIKlI 

-1 -1 /3 2 

T ne = T ne (O)(~) F O ({3kµ )/F O ({3µ 0), ( 5,6) 

F (,\) 
n 

T-' 
ne 

t-'kn 

- IIHTerpanbI cf>epMII, TaKIIM o6pasoM, .am, H0BblpOlK.ll0HHOH CTBTIIC

pacTeT KaK KBanpaTHbIH KOpeHb lI3 acpcpeKTUBHOH KlIH0TlI'l0CKOH 

TeMITepaTypbl aneKTpOHOB npOBO.lllIMOCTII, 3To COOTHOIIl0Hll0 MOlKHO IICITOnb3O

B8Tb nnsi npsiMoro lI3MepeHHSI KIIH0TII'l0CKOH TeMITepaTyphl aneKTpOHOB /3: 1 

2. nnsi Heynpyrux npoueccoB pacceSIHlISI 38BlIClIMOCTb OTHOCHTenbHOA 

nonsip!I38UlIII OT aneKTp1I'l0CKOI'O ITOnSI OITpe.aensieTCSI COOTHOIIl0Hl!eM M0lK.llY /3,. 
lI /3 k • HeTpynHo Bll,[{0Tb, 'ITO ¢op Myna ( 5,5) HaXO.lllITCII B COOTB0TCTBlIII 

C KaqecTB0HHOH TpaKTOBKoii acpcpeKTa <Peepa, II3nOlK0HHOH B § 1. Ecn11 penaK

caUHSI si.aepHblX CillIHOB o6ycnoBnena CBepxTOHKIIM B38lIMO,lleHCTBHeM, a Me

xaHII3M penaKCaUIIlI HaMarHH'leHHOCTlI aneKTpOHOB 06ecne'11IBaeT ITOCTOSIHCTBO 

/3 s ( MBI'HlITHbJe ITp1IM0CII C ManbIM BpeMeHeM CITHH-p01I10TO<JHOH penaKcaUIIII), 

TO BenII'llIHa I* B cpyHKrilIH H8ITpS!)KeHHOdTu aneKTplI'leCKOI'O ITonsi, KaK 9TO 

cnenyeT ll3 cpopMynbI ( 5.5)' cnaqana pacTeT, a 38TeM CTpeMHTCSI K HaCbl

IU0HlIIO, EcnH )Ke /3,. y6brnaeT c aneKTpH'leCKlIM noneM ( T,e. CillIHOBaSI 

TeMnepaTypa aneKTpOHOB yBenII'llIBBeTCS!)i TO si.aepH~SI ITOnRplI38UlISI .aon)l(Ha 

ITpOXO.lllITb qepe3 MBKCHMYM 11n11 MIIHHMYM B 3aBHCHMOCTH OT 3H8KOB B0JHl'llIHbl 

7/ I! OTHOllleHUH MarHIITHblX MoMeHTOB aneKTpOHa H sinpa. B cnyqae, ecnn 

penaKCaUHH si.aepHbIX CITIIHOB o6ycnoBnena rnaBHbIM o6pa30M B38l!MO,ll0HCTBlle,M 

C pellleTKOii, 3aBHCHMOCTb I* OT aneKTpl!qeCKOI'O ITOJHI OITpe.aenHeTCSI TaK)l{0 
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~oBenenueM Bp0M0Hll H,aepHo-aneKTpOHHOA penaKCaUlllI Tne KaK cpyHKUHH E . 

nnsi ITonyqennH KOnll'l0CTB0HHblX Bb!BO.llOB neo6xo.anMo p0llllITb CHCTeMy ypaB

_H0HHH (4,1)-(4,3). 

§6. YpaBHeHHSI 6ananca HMITynbca, aHeprn11 

ll H8M8I'HII'l6HHOCTll aneKTpOHOB llnSI cna6oHeynpyroro pacceSIHllSI 

PaCCMOTpHM 'ypaBHeHHSI ( 4. 1 )-( 4.3) B cne.!ly!OlllIIX npu6nII)Kel!IIRX: 

1. Cpe.aHHSI aneprnsi 6. € 'TepSieMaSI aneKTpOHOM B CTOnKHOBeHHSIX 

C pellleTKOA, M0Hhllle cpenneii 8HeprHH € ero xaoTH'leCKOI'O. llBlI)KeHHSI: 

tii.7< €- < aKyCTI!'leCKHe cpoHOHbI, neMarHIITHbie ITpHMecn, MarHHTHbie ITpnMe

ClI ITpH h O ml < f , Of!TH'l0CKHe cpOHOHbl ITpII Bb!COKIIX TeMITepaTypax), 

2. Ey.aeM C'lHTaTb, 'ITO pa3HOCTb M0lKllY KHHeTH'l0CKOH H CITHHOBOH TeM

IT"epaTypaMH aneKTPOHOB Mana ITO cpaBHeHHJO C Benn'lHHOll 9THX T6MITepaTyp 

n orpaHH'lllMCH nnHeil.HblM ITpn6nnlKeHHeM ITO ITapaMeTpy HBCb!llleHnSI 71 = 1-~ 
B ypaBHeHHSIX 6anaHca. 

3. PacceSIHH0 Ha sinepHbIX CITHHBX ITpaKTH'l0CKH He nrpaeT ponn B KIIHe

THKe aneKTpOHOB IlpOBO,[{HMOCTH BBHllY ManocTH aneKTpOHHO-SI,[16pHblX B38HMO

neiicTBHA ITO cpaBHeHHJO co B3aHMoneficTBHeM M0lKllY aneKTpoHaMn H pellleT

KoA. TToaTOMy B ypaBHeHll~X ( 4. 1) -( 4.3) Bee KOppenSIUIIOHHbie cpyHKUHH, COOT

B0TCTBYJOIIIHe pacceSIHHJO Ha sinepHblX CITHHax, He y'lHTb!BBJOTCSI, 

4. CpenHSIH CKOpOCTb YITOpS!.llO'leHHOI'O ,llBl!)Kel!HSI aneKTpOHOB Mana ITO 

2 -cpaBHeHHIO co CKOpOCTSIMH lIX xaoTH'leCKoro ,[{Bll)K0HHSI: m V <<€ 

5. BepoRTHOCTH CTOnKHOBeHHA aneKTpOHOB c cpOHOHaMH n HeMarHHTHhlMH 

ITpHMeCSIMH, COITpOBO)K,[{a!OIIIIIXCSI ITepeBopoTOM aneKTpOHHuI'O .CITHHa, Mel!bllle 

B0pOS!THOCTefi pacceSIHHSI C coxpaHeHHeM opneHTBUHll CITHHa. TToaToMy B ypaB

neHHSIX 6ananca HMITynbca n 9HeprHH aneKTpOHOB Y'lllThlBaJOTCSI TOnbKO nnaro

HBnbl!bie ITO CITHHY MaTpH'IHbie aneMeHTbl H ef • 

B paMKax cnenaHHbIX ITpenITonoJKeHnii ypaBHenng 6anaHca nMITynbca n aHep

rnn ITpHBO,[{SITCSI K BUily 

en
0 

Ea 
a €t 

V +({3k-{3)fdte 
0 

( H e(f>; H e(f) ( l)) = 0, ( 6.1) 
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a 1 f3 y f3 o ct • • f3 
en 0 (E +-c f3 V H )-f3kV Jdte (P~ ;P

0 
(t))=0. 

C a y _
00 

(LJ (L) ( 6.2) 

➔ ➔ 

I1peHe6perasr B Bb1pa:lKeH1m S 0(0,0) -qneHaMn {3k VP n ( f3~ -,c~) H ~ 
1
MbI MO-

)KeM OT.UenHTb 9TH .UBa ypaBHeHHSI OT OCTanbHOH ClICTeMbI. BBe,ng 'IBCTOTb! 

penaKcaunn nMrrynbca aneKTpOHOB 

f3 0 (t • z • z ( )) 

)1 =-k-f dte (\C> ;PCC) 1 ' (6,3) eC mn 
0

~ 

o • .I. a • .I.a 
.l {3k I d (t ( p ; p "> ( t))' w =-- te cC> (L eC 2 m n0 -oo 

z .I.a 
r.ue P lI p - KOMIIOHeHTbl rronHOI'O lIMIIYnbca aneKTpOHOB, rrapannenb-

Hbie n 11eprreH.UHKynsrpHb1e HarrpaBneHino BHeurnero MaI'HIITii:oro rronsr H , MO}K

HO nerKo pern!ITb ypaBHeH!Ie (6.2). 

z eEz · .I. 

V 
X Y e w.C :;:iw 0 

X 

= mwil-, V :tiV = _ 
.I. 2 2 

(E +iE y ), (6.4) 
m 

· ef W ef + WO 

rne wo = 
eH 

• YpaBHeHHe. ( 6.1) MO:lKHO peurnTb B o6meM BII.U0 TOnbKO 
me 

B cny-qae cna6oro pa3orpeBa, Korna f3k ~ f3 

/3 =f3. Pe3yn&TaT IIMeeT Bll.U 

, rrono:lKIIB B orrepaTope S
0 

(0,0) 

13;1=/3-111+ /3noezE1 
m Ce T ef 

20 . 20 
[ COS SID W f 
7r+ .1. e ]I, 

W o 2 2 
eL W n + W 

•• n 

( 6.5) 

rne ref - BpeMsr penaKcaunn aHepI'IIII aneKTpoaoB, orrpenen5IeMoe -qepe3 

Koppen5ITOp BHAa 

-1 {3 20 
ft 

To= --f dte (H o ·H o(t)) 
eL C -oo e(L) ' e(L) ' 

e 

( 6.6) 
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I ,, 
•' 

l 

a C e eCTb aneKTpOHHaSI TerrnoeMKOCTb, HMeIOIUaSI Bll.U 

C =f3 2 l(H -µN;H -µN)-(Ne -µN;N)(N;He-µN)I 
e e e •• 

( 6. 7) 

(N;N) 

I1p1I Bbl'IIICneH!Ill KOppenSIUIIOHHblX .qiyHKUHH B 9TIIX qiopMynax Hy:lKHO rronaraTb 

{3k =f3 ~ =f3 ; V = 0. llnsr HaXO:lK.UeHIISI aqiqieKTHBHOH TeMrrepaTypb! aneKTpOHOB 

B o6IUeM cny-qae Heo6xo,nHMO Bbl'IHCnHTb KOppemi:Topbl B ypaBHeHH5IX ( 6.1) 

lI ( 6.2). 06mne Bbipa:lKeHH5I ,ung HIIX .naHbl B §4. OrrycKa5I I'pOM03.UKHe, HO 

rrpoCTbie BbIKnanKII, Mb! rrpnBeneM nlfllib OKOH'IaTenbHbie pe3ynb~8TbI, Bb!pa

)K8lOIUHe 38BlICHMOCTb 'I8CTOT penaKcaunn HMrrynbca ( 6.3) lI 'n·HTerpana 

0 ( t • • 
L = ( /3 k -{3) J d I e ( H O ; H ( 1)) 

-oo e(L) e(b 
, orrpenenmomero 110Tep1I aHepI'IIII aneKTpotroB, 

-1 
OT aqiqieKTIIBHOH TeMrrepaTypbl 

"rron5I (oTMeTHM, 'ITO rrp!I 9TOM 

{3k · B cny-qae 

.L 
HeKB8HTyromero MBI'HIITHOI'O 

AKYCTH'I0CKHe qJOHOHbI: 

/3 ..Ll!... 
w = w (0)(-z,) 2 F 

eph eph /J, 
k 

wll 
ef 

t+ I 

2 

=W ef = W ef ). 

({3k µ)/Ft+i ({3µ0 ), 

- 2 

t+3 

L= -(f!_ -1)3mn s
2

w (o)(t)_2
_Fi+ 1 (/3k µ)/F i+1 ({3µ ), 

r::I. 0 eph /3 - - 0 
t-'k k 2 2 

s - CKOpOCTb 3ByKa B Kp!ICTanne, µo =µ(E =0). 

HeMarHHTHbie rrpnMecn: 
t+4 

/3 -2-
w =W (0)( -/3) F t+2 el el __ 

k 2 

( {3kµ )/ F t+2 ({3µ ). 
- 0 

2 

OrrTH'IeCKHe !pOHOHbI,, h Q O < f ,BhQ 
O 

<l 

w =w (o)(f)F 0 ({3kµ )/F
0

(/3µ
0

), 
eph eph f3. 

le -
f3 • • (hn

0
f 13 4 f(0) 

L=-(--1)3mn w (0)-- Cn(--)---
~ o eph 4m {3h00 F o(f3µo) 

f(0):=[exp(-t\,,µ) +ll- 1
• 
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MarHI1THb1e rrpI1MecI1: 

/3 2 • 

weml=Weml(0)(/3) .Fl (ft µ)/FI (f3/Lo ), 
k 

2 ( 6. 11) 
/3 (hO I) /3 /3 F O (/3kµ) L= - (- - 1) 3mn w (0) ___ m __ (_) ___ _ 

/3 k O em! 4 m /3k F ( ~ ) 
l /J/LO 

3.oech F - IIHTerpanhI <PepMn, a w .. (0) 03Ha'IaeT qacTOTbI penaKcaunn 
n 

IIMrrynhca rrpn E =0 • Bb1pa)KeHn.11 ( 6,8)-( 6, 11) IT03BonmoT nerKo Bbrpa3IITh 
I 

/3 k B cpyHKUIIII .opeil:<pOBOll CKOPOCTII V .on.sr K8)K)l0ll KOM0llH8UIIII MexaHn3-

MOB pacce.HHII.II aHeprnII II IIMrrynhca, IICITOnh3Y.II ypaBHeHile 

2 0 ct . . 
mn V w O +(/3 -/3) f dte (H 0 ; H O (t})=0, 

. el. k _
00 

e(L) e(L) 
( 6. 12) 

BbITeKa10mee ll3 CllCTeMbl ( 6. 1). ( 6,2). ~BHbie Bb!pa)KeHII.II .On.II 38BIICIIMOCTII 

/3 k (V ) MO)KHO HallTII B paooTe/ 14/, 

ITepeii~eM Tenepb K ypaBHeHIIIO 5anaHca 3eeMaH0BcKoii atteprIIII aneKTpo

HOB rrpOBO)lllMOCTll, OTMeTllM rrpe)K.oe Bcero, 'ITO nIIHeiiHoe no rrapaMeTpy77 

rrpI1onI1)KeHI1e Il03BOn.HeT BBeCTII .. BpeM.H penaKC8UIIII rrpo.oonhHOll HaMarHil'IeH

HOCTII HOCIITeneii TOKa T sf 

-1 

T,,f 

C 
"" 

2 

/3 s 0 

f 
(t 

c dt e 
.se - oo 

2 
=/3,, l(H5 ;HS 

( ff s(6 ; H s(fl ( I}) , (6.13) 

)-
( H,, ;N )( N; H 

5
) 

-----!. ( 6, 14) 
(N;N) 

ITPII Bbl'IIICneHIIII KOppen.srUII0HHblX cpyHKUilll B 9TIIX cpopMynax cne.oyeT rronO)KIITh 

/3,. = f3 k II MO)KHO orpaHil'IIIThC.II HyneBbIM rrpnonI1)KeHI1eM no rrapaMeTpy V. 

Koppen.HTOp ( 6, 13) - Toro )Ke TIIITa, 'ITO II paCCMOTpeHHbie B §4, Hae IIHTepe

cyeT 38BIICIIMOCTh ero OT /3k ; rroaTOMy Mb! rrpIIBe)leM TOnbKO pe3ynhT8Tb! 
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Bb!'IIICneHirn, T .. e , Bb!p8)KeHHbie qepe3 BpeMeHa penaKC8UIIII aneKTpOHHoro 

crrI1Ha T,.£ (0) rrprr E =0 ( rrocnemme .oeTanhHo BbI'IIlcn.srnncb B pa6oTe/15/). 

AKyCTil'I9CKile <pOHOHhl: 

t '+r+ 3 

T-
1
=T- 1 

(O)(.!!_) ~ 
sph sph {Jk 

HeMarHIITHbie rrpnMecI1: 

- ' l f3 T ·=T- (0)(-) 
si ~d /3k 

t '+ r+4 

2 

Fi'+,-1(,8 µ )F , (,8 µ )F 
1 

(,Bµ 
-2- 1/2 -112 

F 
t '+r-1 

( f3 µ ) F , ( ,8 µ ) F ,( ,8 µ ) 
0 I,' 2 0 - 1/2 k 

2 

F .Lt.!.. 
2 

(,Bkµ )Fi/2(,B µ)F_1/2(,Bµo) 

F , 
t + r ( (3 µ0 ) F / ((3 µ ) F , ( (3 µ ) 

I 2 0 -1/ 2 k 
2 

OrrTil'IeCKlle !pOHOHhI, h no <c- ,/3h00 < 1: 

-1 -1 
T =T 

~Ph sph 
coJ c-.t.J 

{3k 

t '+ r_±,4 

2 F~ (,Bk I; )F1,1/f3kµ )F_1//f3µo) 

Ft '+r 
--2-

((3µ0 )F1//f3i,o)F_1A/3µ0) 

MarHIITHbie rrpIIMecII ( llnII .11.oepHbie CilllHbi): 

T- 1 =T -I (0)( -.t./ 
smi sml {3k 

Fo ({3k µ )F1/2(f3k µ)F_1/2(f3µo) 

Fo (f3µo)F1/2 (/3µ0 )F_r;/f3k µ) 

( 6, 15) 

( 6, 16) 

( 6.17) 

( 6, 18) 

OTM9TIIM, 'ITO .On.II HeBbrpr,)K)l9HHb!X aneKTpOHOB BpeMeHa penaKC8UIIII CITIIHa 

B aneKTPil'IeCKOM none CilnbHO YM9HhlllaIOTC.II/ 14/. 3To O0CTO.IITenbCTBO T8K)!<e 

MO)KHO IICITOnh30B8Th .On.II rrp.HMblX I13MepeHnii Benil'IIIHbl /3k II Il)leHTil!pIIK8UIIII 

MeXaHil3MOB pacce.HHII.II HOCIITeneii TOKa, 
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TTocne aaeneHnH apeMeHn penaKcauHn aneKTpoHHoro cnnaa peweHHe ypaa

HeHHH (4,3) MOlliHO 3anncaTb B anne 

-I -1 

TJ=lTJT /lT 
k k :sk k :sk 

• (6.19) 

rne nHneKc k onpenenHeT MexaHH3M cnnH-peweT011Hoii penaKcauHnn. Kallinas 

H3 KOppenHUHOHHblX ¢yHKUHM B ypaBH0HHH (4,3) OTHOCHTCH K anny, pacCMOT

peHHOMY B §4, neno CBOAHTCH1 TaKHM o6pa30M 1 K Bbl'111CneHHIO psna HHTer

panOB H cyMM, OnycKaH neTanbHbie pac11eTbI, Mb! npnaeneM nHWb OKOH'1aTenb

Hbl8 pe3ynbTaTbl nm1 napaMeTpOB T/ k I COOTB8TCTBY!OlIIHX pa3nH'1HbIM Mexa

H113MaM pacceHHHH, 

MarHnTHbie npnMecn: 

T/mi 
( 

P. u . 
=- _,-,_ -1) ~ 

/3k Qs 

0nTH'18CKH0 ¢oHOHbl h {! o < ~ 
I 

{3h0 0 <1 

fJ a a 
TJ =-(--1)-({3 hO,,) --F ((3 µ)/F ([3 µ), 

ph /3k k u a(/3kµ) -1 k I k 

T/ ph 

/3 hO 3 

ce-(--1)(---2.) 
{3k f 

( 6,20) 

( 6,21) 

B cny11ae CTaTHCTHKH MaKCBenna HHTerpan F_'I pacxonHTCH Ha HlllliHeM 

npenene; B_ COOTB8TCTBHH C orpaHH'18HHHMH, HaKnanb1BaeMb!MH Ha nepeMeHHYIO 

HHTerpn:poBaHHH npn: BbIBOne ¢opMynbI ( 6,21) I pacxonn:MOCTb ycTp8HH8TCH' 

3aMeHoii HHlliHero .npenena Ha aenn11n:Hy /3 hO < 1 
· k 0 

AKyCTH'18CKHe tpOHOHbl ( Mb! npnaonnM 3A8Cb COOTB8TCTBYIOWee 3H8'18HHe napa-

MeTpa TJ 

T0'1HO 9TO 

C T0'1HOCTb!O no 11ncneHHb!X MHOlliHTeneii nopHnKa ennHHUbI; 6onee 

Bb!p8lli8HIIe Bbl'1HCneao B pa6oTe/ 12/): 

m v2 m 8 2 3/2 P. 
T/ "'+ --- - (--) (t:.. -1). 

ph f f- {3 k 

( 6,22) 
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HeMarHHTHbie npn:Mecn:: 

T/ I 
mV 2 

=--{3 (t+r)F 
3 k 

2 
mV T/ ,,,_ 

I f 

t+r-2 

2 

( f3 kµ )/F.!:!:!_ ({3k µ), 

2 ( 6,23) 

B nocnenHIIX nayx cny11agx BBIIny npaKTn11ecKn yrrpyroro paccesans aeo6xonHMo 

y11HTb1BaTb KOppenHUIIOHHyJO cpyHKUHJO, coneplliamy10 npOH3BeneHJie ( fl o ; f> 0 (t)) 
s(L) e(t) • 

TTpn 11HCTO ynpyroM pacceHHHH, KaK B ( 6. 23) I TOnbKO 9TOT KoppenHTOp BIIOCHT 

BKnan B pa3HOCTb /3 k -/3 
5 

, TTpII pacceHHHH Ha MaI'HlITHbIX npIIMeCHX 

n onTn11ecKnx cpoaouax -y11eT aToro 11neaa naeT mm1b Manbie nonpaBKH K ( 6,20) 

n ( 6.21). 0TMeTnM; '1TO 3H8KII aenn11HH T/ COOTB0TCTBYJOT IlOHHlli8HHIO k . 

CilHHOBOll TeMnepaTypbl aneKTpOHOB no cpaBHeHHIO C nx KIIHE;!TH'18CKOM TeMne-

paTypofi npH pacceHHHII Ha MarHHTHbIX npnMeCHX ~ 0IlTH'18CKHX qJOHOHax II no

Bb!IlI0HlIJO CilHHOBOM TeMnepaTypbl npH pacceHHII_H Ha HeMarHHTHbIX npnMeCHX, 

TTpn pacceHHHH Ha aKyCTH'18CKHX cpoHoHax 3HaK acpcpeKTa 3aBHCHT OT 11ncneHHbIX 

3ll8'18HHfi napaMeTpOB, l1MeHHO, npn: 

ms 
2 1

/
2 wee < 1 

(-_-) -- ' ( 6,24) 
f 

, 
W ef 

rne W ef - Ha6n10naeMaH 11aCTOTa pacceHHHH aneKTpOHHOI'O ~Mnynbca, 

a w :e - 11acT0Ta penaKcaunn n:Mnynbca aneKTpoHoB, o6ycnoaneHHaH MexaHH3-

MOM pacceHHHH, OTB8TCTB8HHblM 38 penaKcaun:10 9Heprn:n:, /3 < /3 KBK H B 
s k' 

cny11ae HeMaI'HIITHbIX npn:Mece:fi; npII o6paTHOM HepaBeHCTBe /3 >/3 . 
s k 

§7, YpaaHeHnH 6anaaca B cny11ae Heyrrpyroro pacceHHHH 

Ha OilTH'18CKIIX ¢oHoHax 

PacCMOTpHM Tenepb pacceHHIIe aneKTpOHOB Ha OITTH'18CKIIX cpoHoHax rrpn 

TeMrrepaTypax HH)Ke ne6aeacKoi1:. EyneM CG:HTaTb 1 G:TO {3h 0
0
> 1 , h n 

9 
> ;- • 

B 8THX ycnoBHHX B ypaBH0lllIHX ( 4, 1 ).-( 4,3) Hy)KHO y'l:IITb!BaTb CMelllaHHbie 
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KOppemIUHOHHbie qiyHKUHH, KOTOpbie T8K)Ke OTHOCSITCSI K THny pacCMOTpeHHbIX 

B §4. B 6opHOBCKOM npn6nH)KeHHH no B38HMOJJ.enCTBHIO aneKTpOHOB C <poHo

HaMH, Y'IIITbIB8SI SIBHbie Bbipa)KeHHSI §4 JJ.nSI KoppenSIUIIOHHbIX qiyHKUHH, nonyqaeM 

ypaBHeHHSI 6anaHca B BHJJ.e 

1A 
en EV== ~ h11,\ W h(v'a'Jva), 

0 v'a',va: ~A q ep 

(7.1) 

a 1 /3 Y ) ~ a ;;,\ ( , , ) en(E +-f/3 VII == ,:., hq W vaJva, 
o c a Y v'a',va; ;t,\ eph 

( 7.2) 

4,\ 
h 11 l (a-a') W ( v 'a' Iva) == 0, 

l5 JI a ',va:ct A ep h 
( 7.3) 

rJJ.e 
-+ 

q,\ 2rr ;,\ 2 . 
W (v'a'Jva)=-JU (v'a'Jva)J !(N +l)f, ,(1-f )-

eph h eph q,\ va va 

(1.4) 

-N f, 0-f )lo(( ,-( -h11 ). 
q ,\ v a' v a v 'a va q ,\ 

Ifa (7.1) H (7.2) nonyqaeM 

➔q ,\ 

l (h 11 ,\ -hqV)W (v'a'Jva)=O. 
v'a',va:1.A q eph 

( 7,5) 

M bl paccMOTpHM anecb cnyqaj:j HeBbipO)KJJ.eHHOll CT8THCTIIKH aneKTpOHOB. flpa

BaSI 'I8CTb ypaBHeHHSI ( 7.2) B nnHellHO_M no npefi<pOBOll CKOpOCTH V npn6nH

)KeHIIH MO)KeT 6b!Tb 3anHCaHa B BHJJ.e mnoVweph • rne 'I8CTOTa penaKCaUHH 

HMnynhca coBnanaeT c Bbipa)KeHneM, _nonyqeHHhIM B nnHeiiHon Teopnn/ 16/. 

flpaBaSI 'I8CTb ypaBHemrn ( 7 .1) npHBOJJ.HTCSI K BHJJ.Y 
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3 I </3k-/3>h11 0 

2 1-e n 0w eph 

/3 

Tenepb ypaBHeHne 6anaHca aHeprnn (7.5) nerKq pernaeTcSI: 

-t 

{3 k 

-t . 2 

== /3 (1 + !.. _"!.}'._ ) 
3 h 11

0 
• 

(7.6) 

( 7.7) . 

YpaBHeHne (7.4) 6anaHca npononhHoro cnnHa aneKTpoHoB B nHHenHoM rrpn6nH-
f3s 

)KeHHH no napaMeTpy 71 = I - - naeT 

/3k. 
h11 

TJ = - th [-0 -({3 -/3 )] 
ph 2 k ' 

( 7.8) 

3TOT peaynhTaT B COOTBeTCTBHH c KaqecTBeHHbIM onncaHHeM a<p<peKTa ~eepa 

( § 1) 03Ha'JaeT, 'ITO /3 > /3 . Ecnn pacceSIHHe IIMnynhca, 8HeprHHI/ H cnnHa 
s k 

aneKTpOHOB o6ycnoBneHo OITTH'I8CK!IM!I <pOHOHBMH' 

h ( 
I 2 

T/ =-t -f3mV ). 
ph 3 ( 7.9) 

§8. HnepHaSI nonSipH38UlISI 

flpn6nH)K8HHbJe pe11JeH1ISI ypaBHeHHll 6E!naHca, nony'IeHHbie B np8/J.bl/J.YllllIX 

naparpaqiax, JJ.8IOT B03MO)KHOCTb Oll8HHTb BenH'IIIHY SIJJ.8pHoli nonSipH38UlIH H 38-

BlICIIMOCTb ee OT nnoTHOCTH To Ka ( lln!I HanpSI)K8HHOCTH aneKTpH'I8CKoro non SI)·. 

PaccMOTpHM nonpo6Hee cnyqan, Korna acp<peKT oKa3bIBaeTcSI Han6onhrnHM; 
n · 

npuMeM J:WSI onpeneneHHOCTH, 'ITO --'"> 0 , T · < T n • n ne nl. 
·n 
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1. Pac c e srH u e c II u Ha Ha Mar Hu TH u x II p u Me c SI x c Man bl M 

BpeMeHeM CIIHH-perneTO'IHOii: penaKcauuu. ITpu ManhlX E IIOnSlplf-
ll 2 

3 auuS1 I* pacTeT, KaK E ( unu V ) ; B cunbHhlX IIOnS1x I* cTpeMHTCSI 

K HaCblllieHUIO. MaKCUManbHO B03MQ)KHOe 3Ha'IeHne SlllepHOH IIOnSlpll3aUUll 

nm! 
I* < -- ; H8IIpaBneHne IIpOTHBOIIOnO)KHQ HaIIpaBneHUIO IIOnS1pll3aUUll 

max n n 

B aqiqieKTe 0Bepxay3epa. 

2. pa CC e SI H lI e C II n Ha Ha O II T lI 'I e CK n X qi OHO Ha X II p lI /3 Hlo <l, 

hfl 
O 
<(-. ITpu ManhlX E rronS1pH3aUHS1 pacTeT, KaK E 2 3aTeM IIpOXOlllfT 

qepe3 MaKCHMyM II llanee CTpeMlfTCSI K Hymo. MaKCIIManbHO B03MO)KHQe 3Ha-

qeHue S11lepHoii: rronS1pII3auIIu I * "'< ~ ( h fl o ) 
3 

HaIIpaBneHIIe IIpOTUBO-
max nn ( 

nono)KHO HanpaBneHIIID nonS1pII3auuu B a¢¢eKTe 0Bepxay3epa, 

3, Paccesrnue cnuHa Ha onTtt'IecK.IIX qioHoHax npu{3Hl0>1, 

h n 
O 

> 7 • ITpII Manh1x E IIOnS1pn3auuS1 pacTeT, KaK E 
2 

, 3aTeM IIpoxo-

nuT qepe3 MaKCIIMYM II 

3H8'IeHne IIOnS1pII3aUllll 

nanee CTpeMUTCSI 

Slllep I* < n ~. 
max n n 

K HynIO, MaKCHM8nbHO B03MO)KHOe 

M aKCHMYM IIOnSlpll38UllH llOCTll-

)KlfM B ycnoBIISIX, Kor/la penaKcauIIS1 IIMnynbca If aHeprIIII aneKTpoHOB o5ycnoB

neHa cna5oHeynpyrIIM MexaHH3MOM pacceS1HHS1. TaK, ecnu aHepruS1 n HMnynhc 

penaKCHpyroT Ha aKyCTH'IeCKIIX qlOHOHaX, TO MaKCHMYM ITOnS1pll38Ullll COOTBeT-

CTByeT 3Ha'IeHUSIM llpeii:qioBoii CKOpOCTll aneKTpOHHoro ITO TO Ka V "" s /( /3 h fl O )~ 
'ITO, O'IeBHllHO, nerKO llOCTll)KlIMO B aKcnepUMeHTe, Ecnu )Ke HMITynhC pacceu

·aaeTCSI Ha IIpUMeCSIX, a 8Heprnsi_ Ha aKyCTU'IeCKllX qJOHOHax, TO MaKCHMYMY 

COOTBeTCTBYIDT eme MeHblllHe 3Haqe/IHSI V • HanpaBneHne nonsipu3auun Slllep 

IIpOTIIBOITOnO)KHO nonSlpH3aUUll B aqiqieKTe 0Bepxay3epa. 

4. P a c c e si H II e c n rr H a H a H e M a r H u T H bl x n p n M e c SI x • 

HanpaBneHue nonsipu3aunII coBna)laeT c nonS1pu3aurreii: B a¢¢eKTe 0Bepxay3epa, 

ITpu Manb1x E I* y5bIBaeT , KaK E 2 
, 3aTeM MeHSieT 3HaK, llanbHeii:rnee 

noBelleHrre I* onpellensieTCSI 38BlICIIMOCTbID /3k OT V 

5, PacceSIHHe CIIHHa Ha aKyCTII'IeCKIIX qlOHoHax. 

ITpn. BbIITOnHeHUll HepaBeHCTBa ( 7.24) IIOnSlpll38UIISI Sl)lep TaKaSI )Ke, KaK lI B 

cny'Iae HeMarHnTHhlX IIpIIMeceii:. B cnyqae o5paTHoro HepaBeHCTBa I* IIpu 
2 . 

ManblX • E ·' pacTeT, KaK E , 3aTeM npoxonuT qepe3 MaKCHMyM lI nanee 

CTpeMHTCSI K Hynro. MaKCUManbHO B03MO)KHOe 3H8'I0Hlle rronSipH38UHll 

30 
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) 

"' n,. ms 2 a/2 
J * < - <-=-) • HaIIpaBneHue rronSipll3aUUll rrpOTllBOIIOnO)KHO acpcpeKTY 

max nn f . 

Oaepxay3epa. 

Hau5onblllaS! nonsipU3aUUS! S!llep COOTB8TCTByeT pacceSIHIIID cmrna aneKTpo

HOB npoBOlllIMOCTll Ha OITTH'I0CKHX qlOHOHax npu T0MIIepaTypax Hll)Ke ne5aeB

CKOii: lI MarHHTHblX rrpuMeCS!X C ManblM BpeMeHeM CITHH-perneTO'IHOH penaKca

uuu. 
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